Testosterone induces a lethal outcome in otherwise self-healing blood-stage malaria caused by Plasmodium chabaudi. Here, we examine possible testosterone effects on the antimalaria effectors spleen and liver in female C57BL/6 mice. Self-healing malaria activates gating mechanisms in the spleen and liver that lead to a dramatic reduction in trapping activity, as measured by quantifying the uptake of 3-m-diameter fluorescent polystyrol particles. However, testosterone delays malaria-induced closing of the liver, but not the spleen. Coincidently, testosterone causes an ϳ3-to 28-fold depression of the mRNA levels of nine malaria-responsive genes, out of 299 genes tested, only in the liver and not in the spleen, as shown by cDNA arrays and Northern blotting. Among these are the genes encoding plasminogen activator inhibitor (PAI1) and hydroxysteroid sulfotransferase (STA2). STA2, which detoxifies bile acids, is suppressed 10-fold by malaria and an additional 28-fold by testosterone, suggesting a severe perturbation of bile acid metabolism. PAI1 is protective against malaria, since disruption of the PAI1 gene results in partial loss of the ability to control the course of P. chabaudi infections. Collectively, our data indicate that the liver rather than the spleen is a major target organ for testosteronemediated suppression of resistance against blood-stage malaria.
Testosterone is known for its immunosuppressive activity (39) , and this has often been invoked as the major reason for the higher susceptibility of males to a wide variety of infectious diseases (28, 35 ). An extreme gender dependence has been described for the experimental malaria parasite Plasmodium chabaudi. Male mice succumb to blood-stage infections, whereas female mice are able to self-heal the same infections (46) . However, lowering of testosterone levels by the castration of male mice results in a resistant phenotype, and conversely, testosterone treatment of females or castrated males results in a susceptible phenotype (46, 47) .
The spleen is accepted as the major effector of the immune defense against blood-stage malaria (15) . Spleen macrophages eliminate Plasmodium-infected erythrocytes via phagocytosis, which occurs predominantly in unique extravascular pathways (43, 50) with arterioles opening directly into the reticular meshwork of the red pulp. This open circulation of the spleen switches to a closed state during the precrisis of acute malaria, presumably controlled by malaria-activated barrier cells (43, 44) . The closed state of splenic circulation protects the spleen from malaria parasites, resulting in lower numbers of activated macrophages and allowing erythropoiesis and lymphopoiesis, generation of effector T cells, and affinity maturation of B cells to proceed unperturbed without the devastating effects of uncontrolled inflammation (44, 45) .
The liver is known as the site of preerythrocytic development of Plasmodium parasites, but although it is largely forgotten, the liver is also an important effector against malarial blood stages (4, 27) . In particular, the reticular endothelial system (RES) of the liver is able to eliminate parasite-derived hemozoin and even Plasmodium-infected erythrocytes through phagocytosis (1) . However, it is not yet known whether the liver-similarly to the spleen-also exhibits protective gating mechanisms that prevent uncontrolled inflammation during acute blood-stage malaria.
Both the spleen and the liver are known as target organs for testosterone. Indeed, testosterone has been described as affecting the cellularity of the spleen (8) and even causing carcinomas in the liver (29, 33) . Testosterone exerts most of its effects through activation or repression of transcription (26) . However, possible testosterone effects on gene expression in the spleen and the liver in the context of defense against bloodstage malaria have not yet been investigated. Here, we show that testosterone affects malaria-induced changes in RES activity and gene expression in the liver, but not in the spleen. Alterations in the liver are therefore critical for the testosteroneinduced lethal outcome of P. chabaudi blood-stage malaria.
MATERIALS AND METHODS
Mice. C57BL/6 mice were bred under specific-pathogen-free conditions at the central animal facilities of our university. PAI1-deficient mice containing the Serpine1 tm1Mlg allele on an 87.5% C57BL/6-12.5% 129S2/SvPas background (11), as well as control mice with the same background, were bred at the animal facility of the University of Leuven. Experiments were performed with female mice, which were housed in plastic cages and received a standard diet (Wohrlin, Bad Salzuflen, Germany) and water ad libitum. The experiments were approved by the state authorities and followed German law on animal protection.
Testosterone treatment. Mice were subcutaneously injected with 100 l of sesame oil containing 0.9 mg of testosterone (Testoviron-Depot-50; Schering, Berlin, Germany) twice a week for 3 weeks (8, 46) . Controls received only the vehicle.
Infections. Blood stages of P. chabaudi were passaged weekly in NMRI mice (48) . C57BL/6 mice were challenged with 10 6 P. chabaudi-parasitized erythro-cytes. Parasitemia was evaluated in Giemsa-stained blood smears. The total number of erythrocytes was determined in a Neubauer chamber. Determination of particle trapping. Each mouse was anesthetized, weighed, and then injected with 200 l of phosphate-buffered saline containing 1.3 ϫ 10 8 3-m-diameter green fluorescent beads (Duke Scientific, Palo Alto, Calif.) in the retroorbital plexus according to the method of Pinkerton and Webber (32) . After 5 min, the mice were killed by cervical dislocation, and the spleens and parts of the liver lobes were removed. After being weighed, the organs were squeezed with a glass rod in 8 ml of 2.3 M KOH-0.5% Tween 80 in ethanol. Then, 5 ϫ 10 5 red beads (2.9-m diameter; Duke Scientific) were added as a control to estimate possible losses during the extraction procedure, and the tissues were dissolved by shaking them at 50°C for 48 h, interrupted several times by vigorous vortexing. Samples were centrifuged at 2,000 ϫ g and 20°C for 20 min, and the pellet with the beads was washed with 8 ml of 1% Triton X-100 and then with 8 ml of phosphate-buffered saline and finally resuspended in 1 ml of distilled water. The fluorescence intensity was measured in a luminescence spectrometer (LS 55; Perkin-Elmer, Langen, Germany) using a 10-by 2-mm quartz precision cell (Hellma, Mühlheim, Germany) at excitation-emission wavelengths of 450-480 and 520-590 nm for green and red beads, respectively.
Liver histology. Small pieces of the liver were fixed in 10% formalin overnight and embedded in paraffin, and 6-m-thick sections were stained with hematoxylin-eosin. Histological changes were evaluated using a modified version of the quantitative scoring system of Ishak et al. (22) .
RNA isolation. Spleen and liver pieces were rapidly frozen and stored at Ϫ80°C. Total RNA was isolated by standard procedures using a commercially available RNA isolation kit (QIAGEN, Hilden, Germany). Poly A ϩ RNA was purified using Oligotex (QIAGEN). The quality of the RNA was routinely tested for genomic DNA impurity, the 28S/18S ratio, and the ratio of the optical densities at 280 and 260 nm and for integrity by capillary electrophoresis using a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, Calif.) and a spectrophotometer.
cDNA arrays. Custom-designed PIQOR cDNA arrays (Memorec, Cologne, Germany) were constructed on treated glass slides provided with quadruplicate samples of defined 200-to 400-bp cDNA fragments selected from 299 different genes of the mouse. The arrays contained buffer and herring DNA as negative controls, four control RNAs from Escherichia coli, and the six positive control cDNAs GAPDH (glyceraldehyde-3-phosphate dehydrogenase), ␣ actin, ␣ tubulin, ␤ tubulin, cyclophilin, and hypoxanthine-guanine phosphoribosyltransferase.
Labeling and hybridization. cDNAs were labeled with Cy3-Cy5 and hybridized on the arrays as detailed previously (10) . In brief, 100 g of total RNA was combined with a control RNA of an in vitro-transcribed E. coli genomic DNA with a poly(A) ϩ tail. After the isolation of mRNA, three different control transcripts were added, and samples were labeled during reverse transcription with Cy3-Cy5-dCTP (Amersham Bioscience, Freiburg, Germany). The labeled samples were cleaned up using QIA Quick spin columns (QIAGEN) and hybridized in a Gene TAC hybridization station (Perkin-Elmer) according to the guidelines of the manufacturer of the arrays (Memorec).
Readout and data analysis. Image capture and signal quantification of the hybridized arrays were done with the ScanArray 3000 (GSI Lumonics, Watertown, Mass.) and Ima Gene software version 4.1 (Bio-Discovery, Los Angeles, Calif.) as detailed elsewhere (10) . The local signal of each spot was measured inside a 300-m-diameter circle. The local background was determined within 40-m-wide rings ϳ40 m distant from the signal and subtracted from the local signal intensity to calculate the net signal intensity and the ratio of Cy5 to Cy3. The ratios were normalized to the median of all ratios, considering only those spots with fluorescence intensities three times larger than that of the herring sperm DNA and spotting buffer negative controls. The values represent the means of four single spots and standard deviations.
Northern blot analysis. RNA (10 g) was denatured with glyoxal and separated as described previously (24) . Hybridization was carried out overnight at 65°C using ExpressHyb solution (Clontech) and [␣-
32 P]dCTP random-primed cDNA fragments. The blots were washed twice with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate; pH 7)-0.1% sodium dodecyl sulfate and twice with 0.1ϫ SSC-0.1% sodium dodecyl sulfate at 65°C and exposed at Ϫ80°C to Kodak BiomaxMS film with an intensifying screen. The blots were reprobed with an 18S rRNA fragment.
Statistical analysis. An unpaired Student's t test was used to determine significant differences between groups.
RESULTS
Testosterone prevents self-healing of malaria. Blood-stage infections with P. chabaudi malaria took a self-healing course in 85% of female C57BL/6 mice ( Fig. 1) . Precrisis culminated in a maximal parasitemia of ϳ30% on day 8 postinfection (p.i.), while the subsequent crisis was characterized by falling parasitemias dropping to Ͻ1% on days 13 and 14 p.i. (Fig. 1) . However, pretreatment with testosterone caused all of the mice to succumb to infection with delayed and higher peak parasitemias.
Testosterone impairs malaria-induced hepatic but not splenic closing. Polystyrol particles were injected to determine the effect of testosterone on the RES activities of the liver and spleen. The spleens of uninfected mice trapped ϳ8 ϫ 10 5 beads/ 100 mg (Fig. 2 ). On day 6 p.i., however, there was a dramatic drop in particle trapping. In fact, the spleen was almost closed at peak parasitemia on day 8 p.i. Remarkably, there was no reopening with still higher efficiency of particle trapping during crisis, as previously reported in Plasmodium chabaudi adami infections (2). The P. chabaudi-induced gating mechanism of the spleen was obviously not affected by testosterone (Fig. 2) . The liver displayed twofold-higher efficiency of particle trapping than the spleen (Fig. 2) . The specific uptake amounted to ϳ1.7 ϫ 10 6 beads/100 mg in uninfected mice but dropped dramatically during precrisis and was lowest at peak parasitemia, with 1.5 ϫ 10 5 beads/100 mg. However, liver closing was much less effective than spleen closing, and the liver contained five times more beads than the spleen on day 8 p.i. During crisis, there was a significant reopening, but the liver did not reach its initial particle-trapping capacity again. Testosterone impaired particle trapping by the liver, which became evident as a delay in closing and reopening (Fig. 2) . Furthermore, the maximal closing was not as effective as in mice treated only with vehicle. Despite these testosterone effects on particle trapping, we were unable to detect any significant testosterone effects on malaria-induced liver pathology (Table 1) .
Testosterone suppresses malaria-responsive gene expression in the liver but not in the spleen. Using cDNA microarrays, gene expression of the spleen and the liver in infected mice on day 8 p.i. was compared with that of uninfected mice and with that of testosterone-treated infected mice on day 8 p.i.
In the spleen, blood-stage malaria caused quite a number of genes to be up-and downregulated, as shown in Fig. 3A . Genes with alterations in expression of at least threefold are listed in Table 2 . Increased expression was observed for 23 genes, and decreased expression was observed for 9 genes. It is surprising, however, that testosterone does not essentially alter malariainduced gene expression in the spleen (Fig. 3B) . In the liver, 34 genes were upregulated and 15 were downregulated more than threefold by blood-stage malaria ( Table 2) . A Ͼ10-fold increase in gene expression was still detected for 15 genes, whereas only STA2 and PGHD were downregulated ϳ10-fold.
Most conspicuously, however, testosterone caused dramatic downregulation of the malaria-induced PAI1, Cyr61, IGFBP1, GADD45␣, DUSP1, junB, and ATF3 genes. In addition, STA2 was further suppressed ϳ28-fold after testosterone treatment. Testosterone-induced suppression of the STA2, CXCL10, DUSP1, IGFBP1, and PAI1 genes, as well as the testosterone nonresponsiveness of SAA3, was confirmed by Northern blotting (Fig. 4) .
Decreased malaria resistance of PAI1-deficient mice. In order to evaluate any relevance of testosterone-suppressed genes for the control of resistance to P. chabaudi, we analyzed the course of P. chabaudi infections in PAI1-deficient mice. One of the infected PAI1 Ϫ/Ϫ mice died at peak parasitemia, whereas all infected control mice survived. Infections in these mice developed peak parasitemias of ϳ60% between days 6 and 12 in PAI1 Ϫ/Ϫ mice, while peak parasitemias were observed in control mice between days 7 and 9. In Fig. 5A , the course of infection has been normalized to the first parasitemia peak for better comparison. Surprisingly, ϳ9 days after the first peak, all PAI1-deficient mice developed an unusually high second peak, with parasitemias of ϳ30%. Even after homologous reinfection of immune PAI1 Ϫ/Ϫ mice, obtained after curing primarily infected mice with chloroquine, parasites were detect- b Ϫ, no occurrence; ϩ, rare occurrence; ϩϩ, regular occurrence; ϩϩϩ, frequent occurrence.
c Modified according to the system of Ishak et al. (22) . Score: 1 to 3, minimal; 4 to 8, mild; 9 to 12, moderate; 13 to 18, severe. able in peripheral blood in 70% of the PAI1 Ϫ/Ϫ mice but in none of the control mice (Fig. 5B) .
DISCUSSION
This study is the first to provide evidence that testosterone impairs protective responses of the liver rather than of the spleen to P. chabaudi blood-stage malaria, as indicated by changes in particle trapping and gene expression. This is astonishing, since the spleen is accepted not only as the major effector site against blood-stage malaria but also as an organ with cells able to respond to testosterone by different signaling pathways mediated through either classical nuclear androgen receptors, as in B cells (5), or unconventional surface androgen receptors, as in T cells (6, 7, 49) and macrophages (9, 18), presumably G protein-coupled receptors. Surprisingly, our data indicated that the liver is provided with a gating mechanism similar to that in the spleen that protects against malaria-induced damage to the spleen, though significant differences exist in gating between the spleen, with its extravascular beds in the red pulp, and the liver, with its completely intravascular circulation. The major difference was that testosterone impaired the malaria-induced closing process only in the liver. In consequence, testosterone caused the liver to be exposed longer to parasites and their toxic products, such as the malaria pigment hemozoin. Hemozoin is produced by Plasmodium parasites to detoxify the highly lytic ferriprotoporphyrin IX released during parasitic digestion of a host's hemoglobin (19) . Hemozoin has been described as being avidly phagocytosed by cells such as neutrophils, monocytes, and macrophages both in vitro and in vivo (3, 42) . Accordingly, we observed the hemozoin to be almost exclusively phagocytosed by Kupffer cells, the number of which even increases slightly at peak parasitemia (Table 2) . Though this suggests a higher phagocytic activity of the Kupffer cell-based RES of the liver, just the opposite may occur. Indeed, it has been shown in vitro that hemozoin accumulation in macrophages diminishes and eventually paralyses their activity (3, 34, 37, 38, 41, 42 ). It appears rather likely that the testosterone-impaired closing of the liver is not able to efficiently restrain inundation with toxic parasite substances and inflammatory mediators, resulting in failure of the liver RES to act as an effector against P. chabaudi blood stages.
Moreover, our data demonstrate that testosterone-impaired closing coincides with suppression of malaria-responsive gene expression in the liver, but not in the spleen. It is clear that testosterone affected only a small fraction of the malaria-re- sponsive genes in the liver, indicating that the testosteroneinduced suppression is specific and is not due to a general dampening of transcription possibly caused by testosteroneinduced general liver failure. In particular, testosterone impaired the malaria-induced upregulation of the seven Cyr61, IGFBP1, GADD45␣, DUSP1, ATF3, junB, and PAI1 genes. All of these genes are stress responsive and are described as being involved in the control of specific aspects of the cell cycle and apoptosis. It is therefore not improbable that at least some of these stress-responsive genes might be involved in the control of host resistance to malaria. Indeed, we could show that at least the PAI1 gene plays a vital role in the control of blood-stage malaria. Ϫ/Ϫ (triangles; n ϭ 8) and control (circles; n ϭ 8) mice were infected with 10 6 P. chabaudi-parasitized erythrocytes. All values are given as means Ϯ half standard deviations. The time course was normalized to the day of the first peak parasitemia to compensate for the different time points of peak parasitemia due to different periods of time until parasites were detected in peripheral blood. (B) Immune mice were reinfected, and individual peak parasitemias and means (horizontal lines) Ϯ standard deviations are shown. *, P Ͻ 0.05 vs. wild-type (wt) control. The serpine PAI1 has been shown not only to be involved in regulation of fibrinolysis, cell adhesion, and cell migration (21) but also to exhibit angiogenic properties (16) and to inhibit the activation of the potent hepatocyte apoptogen and immunomodulatory Th2 cytokine latent transforming growth factor ␤ by plasminogen activators (20) . The antiparasite effector function of PAI1 became evident in PAI1-deficient mice, which displayed a partial loss of the ability to control the course of infection. In contrast to wild-type controls, PAI1
Ϫ/Ϫ mice exhibited high malaria recrudescence ϳ9 days after the first peak parasitemia, and immune PAI1-deficient mice developed a patent infection upon homologous rechallenge. A protective function of PAI1 induction in blood-stage malaria is consistent with previous data showing an involvement of the plasminogen activator system in the antimalaria response, using mice deficient for urokinase-type plasminogen activator (uPA) or its receptor (uPAR) (30, 31) . Both mutant mouse strains display enhanced resistance to cerebral malaria caused by Plasmodium berghei ANKA. This phenotype is associated with amelioration of thrombocytopenia and thrombocyte sequestration in brain capillaries (30) . Furthermore, fewer apoptotic cells can be found in the spleen and lymph nodes of both strains during P. berghei infection (31) . It is well known that PAI1 interacts with the uPA/uPAR complex and regulates its activity by inhibiting the enzymatic activity of uPA and enhancing internalization of the complex (21), thus decreasing local remodeling of the extracellular matrix. In addition, active, but not uPA-bound, PAI1 is able to directly bind to fibronectin and to inhibit integrin-dependent cell attachment to vibronectin. Obviously, the plasminogen activator system is strongly involved in the regulation of cell migration, a hallmark of the progression of inflammatory responses as induced by blood-stage malaria.
The STA2 gene was the gene in the liver with the most prominent downregulation (28-fold) by testosterone. Since STA2 was already suppressed by P. chabaudi infection (10-fold), the STA2 mRNA levels in testosterone-treated mice were Ͼ250-fold lower at peak parasitemia than in uninfected mice. Testosterone-dependent downregulation of STA2 in rodent hepatocytes is known from several previous studies (13, 14, 25, 40) showing, e.g., fourfold-lower levels of STA2 mRNA in male than in female mice (14) . STA2 encodes a cytosolic hydroxysteroid-specific sulfotransferase, which is involved in limiting the amount of active androgens in cells (12) and also in detoxification of cholestatic hydroxylated bile acids, such as lithocholic acid (23, 36) . In humans, low levels of hydroxysteroid sulfotransferase activity were shown to correlate with chronic liver diseases, such as primary biliary cirrhosis, primary sclerosing cholangitis, chronic active hepatitis, and alcoholic cirrhosis (17) . Thus, STA2 may be important for detoxification of bile acids originally derived from cholesterol, which is released in excess from malaria-destroyed erythrocytes during the crisis of infections. Indeed, the severely swollen gall bladder induced by P. chabaudi blood-stage malaria indicates an extreme perturbation of bile acid metabolism during crisis, the period when most testosterone-treated mice succumb to P. chabaudi infection.
Collectively, our data indicate that the liver plays a protective role against blood stages of malaria and that the liver is more critical than the spleen for mediating suppressive effects of testosterone on resistance to malaria. In particular, the testosterone-induced changes in the activity of the RES and the dramatic suppression of the malaria-protective PAI1 gene and the STA2 gene suggest that dysregulation of liver effector functions toward malarial blood stages critically contributes to the testosterone-induced lethal outcome of blood-stage malaria.
